The Yangtze (Changjiang) River enters the East China Sea with huge annual freshwater and sediment deposits. This outflow, known as the Changjiang diluted water (CDW), causes striking ecological gradients that potentially shape coastal species' distribution and differentiation. The CDW has long been rendered as a marine biogeographic boundary separating cold-temperature and warm-water faunas, but it remains unclear whether and to what extent it acts as an intraspecific barrier. Here, we synthesize published phylogeographic studies related to the CDW to address these issues. We find that the influence of the CDW on population differentiation is taxonomically variable, and even congeneric species may respond differently. In studies that claim the CDW is a phylogeographic barrier, the underlying assumptions explaining observed genetic breaks are sometimes incorrect, and some may have misinterpreted results due to conceptual confusion or insufficient geographic sampling. After excluding these studies, the remaining ones generally show shallow genetic divergence but significant population structure for coastal species across the CDW, suggesting that the CDW has not been a historically persistent barrier, but rather has acted as a filter within some species recently, probably after the last glacial maximum.
influence of water property gradients such as salinity and temperature (Figure 1b, c, respectively) around the river mouth is considered to limit the movement of individuals and constrain regional assemblages of species (Liu, 2013; Yu, Wang, Wang, Huang, & Dong, 2014 ). The CDW is thus rendered as a biogeographic boundary along the coast of mainland China (Liu, 2013) , separating the North Pacific Temperate Biotic Region (characterized by cold temperate fauna) from the Indo-West Pacific Warm-water Biotic Region (characterized by tropical/subtropical fauna) (shown as regions I and II, respectively, in Figure 1a ).
Although many marine species with restricted thermal tolerance reach their geographic limit at the Yangtze River, other species have distributions that span both sides of the river (Xu, 1997) . This raises the question of whether the CDW is a barrier to gene flow between populations of these species. In other marine realms, some wellknown biogeographic boundaries, such as Point Conception in the eastern Pacific and Cape Hatteras on the mid-Atlantic coast of North America, have proven to be intraspecific barriers that restrict the gene flow of some wide-ranging taxa (Boehm, Waldman, Robinson, & Hickerson, 2015; McCartney, Burton, & Lima, 2013 ; but see Burton, 1998 ), a phenomenon known as "biogeography-phylogeography concordance" (Avise et al., 1987) . Recently, many studies have tested whether the CDW is a phylogeographic barrier in addition to being a biogeographic boundary (Ni, Li, Kong, & Yu, 2014) . However, the emerging pictures from these studies are not consistent, and controversy has arisen as different genetic patterns have appeared (e.g., Du et al., 2016; Liu, Li, Kong, & Zheng, 2011; Yang, Li, Zheng, Song, & Wang, 2008) .
A full understanding of the barrier effect of the CDW and the nature of the underlying mechanisms can only be properly attained by combining multiple lines of evidence from palaeoceanography, topography, ecology and phylogeography (see Briggs & Bowen, 2013; Burton, 1998; Rocha, Bass, Robertson, & Bowen, 2002) . In this study, we review evidence from various studies about the CDW to answer these questions. We first introduce the historical context of the Yangtze River outflow, and then address the entire known body of genetic work relating to its barrier effects. Those studies that document support for the barrier hypothesis are further examined for any common mechanisms, and a new hypothesis is proposed with support from a palaeoceanographic perspective. Finally, we offer several practical suggestions for future studies.
| TH E YANGTZE RIVER OUTFLOW: HISTORY AND FE ATURE S
The onset of the Yangtze River draining the Qinghai-Tibet Plateau and flowing into the ECS is dated at least 23 million years ago (Zheng et al., 2013) . Eustatic sea level fluctuations through the late Quaternary might have dramatically changed the hydrological features of the palaeo-Yangtze River outflow (Uehara & Saito, 2003) .
However, due to changed or overlaid sediment records, the history F I G U R E 1 Map of East Asia showing seafloor topography (based on Schlitzer, 2015) and ecological factors (based on Johnson & Boyer, 2015) . (a) The Yangtze River and the marginal seas of the northwestern Pacific. The dotted line separates two biogeographic regions: I North Pacific Temperate Biotic Region and II Indo-West Pacific Warm-water Biotic Region. Four locations mentioned in the study are also marked. (b) Annual salinity (in practical salinity units, PSU) and (c) annual temperature (°C) at the surface (ten-degree grid). SBCC, Subei Coastal Current; CCC, China Coastal Current of the palaeo-Yangtze River mouth beyond 8 thousand years before the present (ka BP) is not well understood (Xiao et al., 2004) . A widely accepted view is that during the last glacial maximum (LGM) when the sea level dropped more than 120 m, the palaeo-river traversed the exposed sea shelf and persistently flowed into the Okinawa Trough, although the exact location of the flow channel and river mouth shifted (Chen, Song, Wang, & Cai, 2000; Uehara, Saito, & Hori, 2002 ). An opposing opinion holds that prehistorically, the river flowed into an inland lake in northern China rather than entering the ECS and that the river was once dry during the low sea level period (Zhao, 1984) . After 8 ka BP, accompanied by marine transgression as the sea level rose, the present Yangtze River delta system began to develop, and between 6 and 7 ka BP, it prograded gradually southeast by building successive estuarine sand bars (Chen, 1998; Hori, Saito, Zhao, & Wang, 2002; Liu, Sun, & Jiang, 1992; Xiao et al., 2004) .
Today the CDW enters the ECS at latitude 31°N-the Yangtze Estuary ( Figure 1a) , and causes significant environmental changes in the ECS. First, a strong salinity gradient surrounding the river mouth is generated by the collision of the CDW with several coastal currents (e.g., the Subei Coastal Current and the China Coastal Current) (Su & Yuan, 2005) (Figure 1b) . In summer, with the significant increase in discharge, the low-salinity water plume can even extend northeastwards to the Korea/Tsushima Strait (Isobe et al., 2002) , decreasing the salinity of the upper layer of the Kuroshio Current . Low salinity can have detrimental effects on marine species' larval behaviour or development; for instance, when salinity is <15 PSU, mantis shrimp (Oratosquilla oratoria) larvae stop feeding (Liu, Wang, Jiang, & Chen, 2012) and the development of surf clam (Mactra chinensis) larvae is constrained (Liu, Fang, Bao, & Wang, 2007) . Another significant environmental change arises from the huge Yangtze-derived mud deposit on the inner shelf (Liu, Xu, et al., 2007) . Combined with contributions from other rivers, a large delta plain with an area of more than 3 3 10 4 km 2 has developed (Saito, Yang, & Hori, 2001) , and a sedimentary coast of mud substrate has been formed from Lianyungang (34°36 0 N, 119°13 0 E) to Shaoxing (30°19 0 N, 120°46 0 E) with a straight-line distance of over 500 km (Zhu, Gao, & Zhu, 2008) (Figure 1a ). These environmental changes may have drastically influenced phylogeographic patterns of coastal species (with low tolerance to salinity changes or with habitat specificity) and left genetic signatures in contemporary populations (Wang, Tsang, & Dong, 2015; .
| DISCORDANT PHYLOGEOGRAPHIC PATTERNS ACROSS THE CDW
The barrier impact of the CDW on coastal species has been tested in various marine taxa, including fishes (e.g., Xu et al., 2014) , molluscs (e.g., Dong et al., 2012; Guo et al., 2015; Wang et al., 2015) , crustaceans (e.g., Du et al., 2016; Han, Zhu, Zheng, Li, & Shui, 2015) and macroalgae (Cheang, Chu, & Ang, 2010) . Based on multiple studies, it appears the resulting patterns are not universal, but rather species specific:
the phylogeographic break attributable to the CDW was evident in some species (e.g., Dong et al., 2012; Wang et al., 2015) , while not notable in some others (Liu et al., 2011; Ni, Li, Kong, & Zheng, 2012; Xue, Wang, Zhang, & Liu, 2014; Yang et al., 2008) . Below, we explore reasons for this discordance in further detail.
| Discordance among taxonomic groups
It is not surprising that discordant patterns have been observed among different taxonomic groups. In diverse evolutionary lineages, organisms usually show species-specific reproductive strategies, larval types (e.g., planktonic vs. direct development), planktonic larval durations (PLD) and habitat requirements (e.g., hard or soft substrate) that affect their responses to environmental factors (Ayre, Minchinton, & Perrin, 2009 ).
One common difference in response to the CDW has been identified between fishes and molluscs (reviewed in Ni et al., 2014) . prone to be affected by biogeographic and historical barriers (Kelly & Palumbi, 2010; Sagarin & Gaines, 2002) . Examples in the ECS include two Octopus species, which lack a planktonic larval stage and show significant genetic breaks between neighbouring populations (Chang, Li, L€ u, & Chi, 2010; L€ u, Li, Wu, Fan, & Zhang, 2010) . Indeed, a phylogeographic review of studied marine species of the ECS has demonstrated that 88.9% of molluscan species have significant population structure, while for fishes the proportion is much lower, about 37.5% (Ni et al., 2014) . However, in practice, pinpointing the specific factor that renders different patterns among evolutionarily diverse taxa is not straightforward (Dawson, 2012) . Multiple environmental variables (e.g., temperature, salinity, ocean currents and geography) may act in combination with stochastic processes such as local selection and lineage sorting through time (Miglietta, Faucci, & Santini, 2011; Palumbi, 1994) .
| Discordance among congeners
Besides discordance among evolutionarily distant species, different phylogeographic patterns have also been discovered between congeneric species with similar life histories. For example, M. chinensis and M. veneriformis are two common surf clams in the ECS with a PLD of about 10 days and are found in sand or muddy sand bottom burrows from low-tide zones to shallow waters (Qi, 2004;  NEWS AND VIEWS | 4593 Wang, Liu, Zhu, Li, & Shen, 1984; . Despite their similar habitat preferences and life histories, genetic studies revealed discordant phylogeographic patterns between them:
M. veneriformis was genetically homogeneous in the ECS with the central and other internal haplotypes widely shared among all populations (Figure 2a ), while M. chinensis showed significant population subdivision across the CDW with no haplotypes shared between populations on either side of the river (Figure 2b ). The lack of stepping-stone populations for M. chinensis across the river mouth is thought to be responsible for this subdivision (Xu, 1997) . Alternatively, the southern population might be more susceptible to loss and reorganization of variation by genetic drift because of its isolation from the northern populations.
Because phylogeography is not known for enough congeneric species in the ECS, it is still unclear why and how frequently discordant patterns arise among closely related species in the region. Further research is warranted to provide a more comprehensive view.
Worldwide, starkly contrasting biogeographic patterns between congeneric species have been revealed in studies of marine bivalves (Marko & Moran, 2009) , gastropods (Crandall, Frey, Grosberg, & Barber, 2008; Marko, 2004) , seahorses (Lourie, Green, & Vincent, 2005) and butterflyfishes (DiBattista, Rocha, Craig, Feldheim, & Bowen, 2012) . A broad range of factors, such as differences in life history, ecology and habitat specificity, has been interpreted as driving forces in this discordance (see Ayre et al., 2009; Dawson, Louie, Barlow, Jacobs, & Swift, 2002; Marko, 2004 for detailed information).
| STUDIE S CLAIMING THE CDW IS A BARRIER: ALL THAT GLITTERS IS NOT GOLD
For phylogeographic studies that conclude the CDW is a physical barrier, it is still unclear whether genetic divergence in the studied species is similar in magnitude (in terms of timescale) and whether they have been caused by the same factors (e.g., salinity, temperature, habitat discontinuity or a combination thereof). Here, we provide a comprehensive overview of these questions by synthesizing studies that claim the CDW is a marine phylogeographic barrier. Literature searches (until April 2017) were conducted in "Yangtze River outflow," "marine barrier," "genetic structure" and "phylogeography") were used to ensure extensive coverage. In total, 16 phylogeographic studies (on 13 species and one genus) that conformed to our research scope were retrieved (see Table 1 ). After carefully reading and rechecking the studies' results, we found that although all these studies concluded that the CDW had acted as a phylogeographic barrier, the reported genetic patterns in fact did not always agree with the proposed underlying mechanisms. We divide the studies into three categories (Table 1) according to taxonomic level and genetic patterns, and discuss the potential impact of the CDW on each category below.
F I G U R E 2 Sampling locations and haplotype relationship of the surf clam (a) Mactra veneriformis (redrawn based on Ni, Li, and (b) M. chinensis . The sizes of the circles are proportional to haplotype frequencies in each study, and mutation steps between haplotypes are illustrated using bars. 
| Category I. The CDW as a biogeographic barrier
The first category covers studies that confuse the concept of biogeographic barrier with phylogeographic barrier. Examples include two studies on the macroalga Sargassum hemiphyllum (Cheang et al., 2010) and the limpet genus Nipponacmea along coastal China . The CDW was demonstrated to have restricted the northern distribution of Sargassum hemiphyllum var. chinense and the cross-estuary distribution of the Nipponacmea species, respectively. In a strict sense, in these studies, the CDW should be defined as a biogeographic barrier rather than a phylogeographic barrier because it acts on the species level. As mentioned in the "Introduction," the CDW represents a biogeographic boundary between cold temperate and tropical/subtropical faunas of the northwestern Pacific, and restricts the distribution of many marine species to one biogeographic region (e.g., N. radula to the north and N. nigrans to the south of the CDW, as shown in Figure 3a ). L€ u et al., 2010) and Fistulobalanus albicostatus (Chang et al., 2017) . Each study documented deep intraspecific divergence with spatial trends consistent with allopatric separation arising from the CDW. However, great caution is needed when interpreting the mechanism behind this divergence. For instance, for C. sinensis, the role of the CDW as a phylogeographic barrier in Zhao et al. (2007 Zhao et al. ( , 2009 ) was rejected by a further appraisal that utilized more comprehensive sampling and multiple genetic data sets (Ni et al., 2012) . The divergence in fact arose from the historical isolation of populations in sea basins followed by postglacial dispersal, rather than being caused by the CDW (see Ni et al., 2012; and Figures 2 and 3 therein). Studies in this category are at risk of mistakenly attributing deep genetic divergence to the CDW. This misunderstanding may be F I G U R E 3 Representative cases for three different categories of studies of the CDW summarized in Table 1 caused by insufficient sampling coverage, especially when populations from the vicinity of the Yangtze Estuary are lacking. The same problem may exist in the study of C. antiquate , but further analyses using two independent molecular markers (AFLP and mitochondrial 16S rDNA) did not reach a compelling conclusion due to a lack of intermediate populations ; Figure 3b ).
4.3 | Category III. Shallow genetic divergence likely resulting from the CDW Phylogeographic patterns documented in the nine studies that make up category III uniformly revealed shallow haplotype networks, with a "star-like" topology in most cases. However, in these studies, uneven spatial distribution of certain haplotypes across the CDW is observed, resulting in significant population structure between populations on the two sides (e.g., Dong et al., 2012; . An example is shown in Figure 3c , where the haplotype H2
of Cellana toreuma (one mutation apart from the central haplotype H1) was abundant in two northern populations of the CDW, but not observed in southern populations. Based on this distributional trend, the CDW is believed to be the most likely factor limiting the southward dispersal of larvae from northern region (Dong et al., 2012) .
Similarly, in the other eight cases of category III, the CDW is presumed to have acted as a contemporary barrier that limits the distribution of the newly derived haplotypes, and is responsible for the observed population structure. Larval tolerance to salinity (e.g., and habitat discontinuity across the estuary (e.g., Dong, Huang, Wang, Li, & Wang, 2016; Dong et al., 2012) , and sometimes the combined effects of these two factors , are thought to be the major influential mechanisms.
| A PALAEOCEANOGRAPHIC PE RSPECTIVE ON TH E ECS
Palaeoceanographic features of the ECS support the conclusion that the CDW has not been a historically persistent barrier for coastal species in this region. The ECS, including the Bohai Gulf and the Yellow Sea (usually treated as a single contiguous sea in phylogeographic studies), is one of the largest marginal seas in the world (Wang, 1999) (Figure 1a ). Surrounded by mainland China, Taiwan Island, the Korean Peninsula, Kyushu Island and the Ryukyu Arc, the ECS continental shelf covers a total area of 8.5 3 10 5 km 2 (Xu & Oda, 1999) . Dramatic climatic changes have occurred in the ECS since its formation in the late Cenozoic (Wang, 1999) , including eustatic sea level fluctuations and successive exposure and inundation of the shelf. When glaciations advanced, the sea level of the ECS declined more than 120 m below its present level, and the sea retreated to an elongated and curved basin-the Okinawa Trough (Xie, Jian, & Zhao, 1995) . The Okinawa Trough was spatially separated from the South China Sea by a large land bridge extending between eastern China and Taiwan Island (Kimura, 2000) ( Figure 1a ).
The present-day marine species whose ranges span the CDW may have different colonization histories: some might have become established in the ECS before the LGM and persisted in the region through multiple Pleistocene glacial-interglacial cycles, while others might have appeared relatively recently, having only successfully colonized the ECS after the LGM. In the case of species that became established before the LGM, their distribution might have experienced significant and repetitive expansion and contraction through successive glacio-eustatic cycles (McManus, 1985) . When the glaciers advanced, the loss of suitable habitat would have forced survivors into the Okinawa refugium, which has an area less than onethird of the present size of the ECS (Xu, Chan, Tsang, & Chu, 2009 ).
Thus, geographically distant, isolated populations would have mixed together to form an ancestral panmictic population in the Okinawa Trough (Liu et al., 2011) . Therefore, even if the palaeo-Yangtze River had impacted the population subdivision of these historically persistent species, any genetic signals would have been swamped by shifting river channel locations and repeated sea level fluctuations (Liu et al., 2011) .
Thus, we may conclude that the CDW has not been a stable and persistent barrier capable of causing deep divergence between populations, regardless of species' residence time in the ECS. Spatial isolation of populations resulting from the CDW can only be dated back to the LGM, about 15 ka BP (Xiao et al., 2004) . This timescale is hardly comparable to isolation time resulting from the long-standing separation of sea basins (on the scale of millions of years) (Liu et al., 2011; Zheng et al., 2009 ).
| SUGGE STIONS FOR FUTURE STUDIES
The CDW is not the only driver promoting genetic break in the northwestern Pacific. Other historical or contemporary factors have also been proven to act on population differentiation, including ocean currents (Tsang, Chan, Ma, & Chu, 2008) , sea level oscillations coupled with Pleistocene glaciations (Liu, Gao, Wu, & Zhang, 2007) and temperature gradients (Dong, Han, Ganmanee, & Wang, 2015; Shen, Jamandre, Hsu, Tzeng, & Durand, 2011) . Future phylogeographic studies in this region should be carefully designed (e.g., taking into account adequate sample size, geographic coverage and appropriate choice of biomarkers) to ensure that different competing hypotheses are adequately tested. Here, we provide some suggestions for future studies.
First, population sampling should be emphasized in adjacent regions of the Yangtze Estuary, approximately from Lianyungang to Xiamen (see Figure 1a) . Intensive sampling in this region can help pinpoint the specific evolutionary scenario behind any observed genetic breaks, and better identify the location of physical barrier. For example, in a study of the Asian paddle crab
Charybdis japonica, intensive sampling of populations around Lianyungang allowed to identify the Haizhou Bay (the coastal waters of Lianyungang) as a physical barrier rather than the Yangtze Estuary.
Second, considering that the CDW has likely affected population structure more recently than previously believed, it is advisable to use (or combine) independent nuclear markers with high resolution, such as microsatellites and single nucleotide polymorphisms (SNPs).
Former studies heavily rely on a single mitochondrial marker, a scheme that has been criticized for well-known reasons including limited resolution power and incomplete capture of evolutionary history (see details in Edwards & Bensch, 2009; and Galtier, Nabholz, Gl emin, & Hurst, 2009) . Recent applications of next-generation sequencing methods such as restriction site-associated DNA sequencing have proven very powerful for identifying fine-scale phylogeographic patterns (e.g., Edwards, Shultz, & Campbell-Staton, 2015; Emerson et al., 2010; Reitzel, Herrera, Layden, Martindale, & Shank, 2013) . These up-to-date approaches hold much promise for providing a more indepth understanding of the CDW's barrier effect.
Third, mounting genetic evidence shows that a barrier causing population partitioning in one species does not always cause partitioning in other species-even between congeneric species with similar life histories (e.g., Crandall et al., 2008; DiBattista et al., 2012) .
For the CDW issue, this implies that more comparative phylogeographic studies using additional species pairs are needed to explain underlying mechanism rendering these types of discrepancies. Species from diverse taxonomic groups such as Cnidaria, Annelida and Echinodermata represent good candidates for such comparative studies as they are abundant in this region (Liu, 2013) , and suffer less from human-mediated activities compared with commercially exploited fishes and molluscs (Ni et al., 2014) .
| CONCLUSIONS
Based on multiple lines of evidences from palaeoceanography, ecology and phylogeography, this study sheds light on the phylogeographic question of whether and how the CDW acts as a barrier. The answer to this, however, is not a simple yes-or-no: the conclusion may depend on the species selected for study. This is consistent with the intrinsic nature of "soft" barriers in the ocean (i.e., barriers involved with hydrological processes, e.g., water currents), which act as dispersal "filters" that restrict selected species as opposed to physical obstacles such as landmasses that are impassable to all animal forms (Luiz et al., 2012; Rocha et al., 2002) . Although the CDW is an influential environmental factor for both historical and contemporary populations, its barrier effect is best assumed to have acted on a recent timescale (presumably after the LGM). Still, considering the uncertainty about the palaeogeographic history of the CDW and tenuous genetic information on this topic, additional well-designed studies with extensive sampling and more informative biomarkers are further needed to verify, complement or even correct hypotheses proposed in previous work.
